The soil roughness at the field level is an easy visually perceptible notion, but difficult to describe numerically. The objective of this paper is to propose a method to establish quantitative and descriptive soil roughness indices. A measurement system was developed using a laptop-computer and a laser cell. The elevation data are measured on the ground along a square array. They are treated with geostatistics methods. For a given direction, the semi-variogram shape, depending on the distance, is always comparable with ground relief, and reflects in a positive way the variations of this relief. New quantitative indices are proposed. They are derived from semi-variogram and they characterize the roughness in both vertical and horizontal planes. For the five plots the main results are: on crusted soil without soil tillage, the semi-variogram is nearly flat in isohypsic direction and has a parabolic shape in the slope direction. On an isohypsic bank the semi-variogram presents a shape with a hole effect upright to the bank. For an oriented knife soil tillage, the semi-variogram is bimodal, with a hollow effect in the axis perpendicular to the vine-rows. With a not clearly oriented soil tillage, the semi-variograms in all directions have a practically similar feature with a sill. The semi-variogram corresponding to the direction transversal to a gutter has a bell-slope. q
Introduction
Soil roughness is a slight unevenness of the ground, either natural or due to cultural Ž techniques, that may reduce water run-off and increase its superficial retention Casenave . and Valentin, 1989 . Up to now four types of parameters were proposed to characterize soil roughness: the Ž soil shape, the soil elevation, the micro-relief unevenness this parameter enables to get . basic data of the calculation of roughness indices , and the degree of obstruction. The last concern is the ability of the soil shape to temporarily stop the run-off. It is calculated Ž . as conditional upon the continuity of the considered obstacle ridges, clods, vegetation . That is the index used in hydraulics.
Ž . Kuipers 1957 perfected a reliefmeter that measures the distance from a reference straight line parallel to the average soil slope. He proposed a roughness index equal to 100 times the value of the decimal logarithm of the standard deviation. At present, the tendency is to calculate the standard deviation of measured heights without any logarithmical transformation. This new index is called the standard deviation index Ž .
SD .
Ž . Ž . Boiffin 1984 defined a Tortuosity index T , that takes into account the length on Ž . Ž . soil profile L and the straight line parallel to the average soil slope L . Ž . Bertuzzi et al. 1990 carried out an interesting study comparing the different indices used to calculate soil roughness. They established that Linden and Van Doren's spatial indices had a physical significance and were linked to other indices. Ž . Studies in Burkina Faso led Zougmore 1991 to prefer SD index to T index, and to use a reliefmeter rather than a small chain. The results between both indices are independent. During the rainy season, after tillage, the bare soil SD index decreases in Ž . an exponential way in relation with the amount of rain Guillobez and Zougmore, 1991 . But this index does not enable a description of the soil surface form.
The objective of this paper is to propose a method to establish quantitative and descriptive soil roughness indices. The data come from a digital elevation model, recorded with a 3D profilograph, on plots with different soil features. These data are treated with geostastical methods. Several regional roughness indices are proposed and discussed.
Material and methods

The 3D profilograph
The 3D profilograph enables to record the distance between the horizontal line and the ground, on a 1 m 2 plot. It was designed by the CIRAD-SAR. It includes a frame sustained by three legs with adjustable height, that can be horizontally set thanks to two Ž . air-levels Fig. 1 .
Two electric engines on the frame enable the moving of a horizontal bar, and of a laser cell on that bar. A laptop pilots the cell movements and records on a card index the Ž . On photograph see Fig. 1 the 3D profilograph is compared with its ancestor the reliefmeter.
As the profilograph records data on a surface, in several directions, these data can be analyzed spatially and can be used to calculate indices such as the SD index and the T index. For calculation of SD index it is necessary to correct the slope effect.
The spatial dimension of these data conducts to the development of new analysis methods.
Surface features
Ž . In the investigation area situated in the Reart Basin Oriental Pyrenees , specific soil forms, due to vine-growing were observed. Ž These different sets of surface features were described qualitatively bare ground, . tillage, slight grassy vegetation and so on ; six of them were analyzed in this paper. 1. Crusted soil without tillage under olive-trees. 2. Small banks nearly isohypsic. 3. Recent oriented knife soil tillage. 4. Recent soil tillage, not clearly oriented. Ž . 5. Gutter rill erosion . 6. Grassy vegetation.
( )The measurements were taken in vine-grown fields and some olive plantation, both in winter and in spring. The data were collected with the profilograph 3D which was Ž . Ž . placed along vine-line 2 to 5 and a side parallel to the slope 1 and 6 .
Regionalized Õariables
Ž
. Geostatistics or regionalized variable theory Matheron, 1955 Matheron, , 1965 Krige, 1966 was used in order to find a new roughness index, adapted to spatial measurements.
For a given direction a , the semi-variogram is plotted against the distance h, and can Ž be modelled with linear, spherical, Gaussian, exponential or other function, Journel and . Huijbregts, 1978 .
The experimental curve is generally increasing. It may reach a maximum and either Ž . Ž . becomes stable around this maximum sill , or decreases hole effect . A flat semi-variogram, without any increase near the origin, indicates that the data are spatially independent.
If the variable is continuous by steps its feature is linear. A nugget effect most often shows a very rapid transition zone that presents itself as a discontinuity. The nugget effect represents the fluctuations at distances much smaller than the measurement distances.
Ž . Lehrsch et al. 1988 used the semi-variogram to control the range of various Ž . roughness indices. The indices proposed by Linden and Van Doren 1986 are derived from geostatistics. They are linked to the average of differences in absolute value of level changes:
This notion is connected to a first order moment; while the semi-variogram is the increment variance and therefore is a second order moment.
Ž . Ž . Two indices are proposed from Eq. 2 ; the LD Limiting Difference which is the Ž . magnitude of soil roughness and LS Limiting Slope the change in microrelief structure. There is some similitude between LD and SD.
Data analysis
All the data collected by the 3D profilograph on the plots representative of the Ž . principal surface feature Section 2.2 were used for the analysis. The data constituted a small Digital Elevation Model of the plot. The geostatistic study was realized in the four Ž . main directions of the square 0, 45, 90 and 1358 . According to the soil tillage the two directions linked to the frame are generally sufficient to describe the variability of the measurements.
The medians, first and third quartiles, were calculated and represented in the horizontal and vertical directions. For each example, three graphs are presented: the semi-variograms with the simultaneous representations in the two directions, surrounded Ž . Ž . by the drawings of box-plots in the vertical above and horizontal below direction. Guillobez, M. Arnaudr Soil & Tillage Research 45 1998 419-432 423 ( ) 3.1. Crusted soil without soil tillage Fig. 2 From a qualitative point of view the experimental semi-variogram shape looks like the surface relief of the parcel visualized by the box-plots. The first plot presents a slope Ž . of about 7% according to the vertical direction 908 . In that same direction we notice that the semi-variogram is constantly growing with a parabolic shape and therefore has Ž . no sill. In the horizontal direction 08 , the semi-variogram is nearly flat and parallel to the x axis. We can notice visually that the semi-variogram models would not go through the origin. Accordingly, there is an average nugget effect of about 110 mm 2 . Fig. 2 . Olive plantation, no tillage.
( ) S. Guillobez, M. Arnaudr Soil & Tillage Research 45 1998 419-432 424 ( ) 3.2. Bank Fig. 3 In the second example the plot is divided into isohypsic banks, which gives Ž . periodicity to the surface relief. On graphs the vertical semi-variogram 908 presents a shape with a hole effect: it reaches a maximum for h s 50 cm, decreases to 70 cm then Ž . up again. The horizontal semi-variogram 08 has a parabolic growth due to the plot Fig. 3 . Vineyard bank, no tillage.
slope 6% . The shape of the experimental semi-variograms is identical to the shape of the surface relief in each direction. There is a nugget effect equal to 85 mm 2 .
( ) 3.3. Recent, oriented knife soil tillage Fig. 4 Ž . In the axis perpendicular to the vine-rows, the horizontal semi-variogram 08 is Ž . bimodal. It presents two maxima h s 22 and 59 cm and a hollow effect at 43 cm. The 
Ž .
one corresponding to the vertical direction 908 , parallel to the vine-rows, is growing Ž . Ž . because of the slope 10% . Both curves show a common nugget effect value 76 . The curve form, as in the previous cases, is similar to the ground relief. The measurements were made among the vine-rows. The curves of the two directions Ž .
Ž . 908 and 08 semi-variograms have been drawn on Fig. 5 . We can notice that both By observing the four figures we conclude that the shape of the semi-variogram within the four plots is similar to the ground surface relief in the same direction.
In fact, it is not always the case. A parcel running along a gutter due to erosion was also measured. The box-plots in the horizontal direction clearly show a periodic surface Ž . relief with a sinusoid shape. Consequently, the horizontal semi-variogram 08 corresponding to the direction transversal to the gutter has a bell-slope. It grows to a maximum at h s 41 cm, and then decreases. The ground surface relief neatly appears there again. It is only reversed. We can notice a shift between the semi-variogram sill Ž . Ž . 41 cm and the gutter bottom 52 cm . The roughness is essentially due to the gutter. Let us note a very small value of the nugget effect, close to 0, which is explained by the crusted nature of the soil.
Discussion
The shape of the curves representative for the semi-variogram depending on the distance for a given direction can thus be compared to the soil surface relief. It qualitatively reflects the surface relief variations. If the curve reaches a maximum Ž . Ž . bell-shaped curve , the surface relief is described both by the maximum G that m Ž . corresponds to the macro-roughness relatively to the measure clod, ridge for example , and by the distance to the top that represents the lateral size. This macro-roughness is of centimetric order.
The nugget effect
Ž
. On an untilled parcel with a low grass vegetation cover soil feature 6 , measure-Ž . ments were made to test the vegetation effect decimetric height . On Fig. 7 , the Ž . Ž . semi-variogram corresponding to both vertical 908 and horizontal 08 directions are represented. We can notice an important nugget effect of 556 mm 2 , much larger than on the other plots. On bare plots we find values included between 40 and 100 on very crusted and bare soil, respectively. Beyond 100, bare soils are more stony; the presence of a little grass on parcels correspond to nugget effect values definitely superior to 100.
The nugget effect on a semi-variogram theoretically corresponds to a structure of Ž dimension inferior to the minimal distance between two measurements 32 mm for most . of the studied plots .
Ž . The nugget effect G exists in most of the recordings. It must be interpreted as a 0 Ž . thin or micro-roughness of millimetric order in lateral size that is due either to pebbles or to a grassy vegetation. 
Regionalized roughness indices
Ž .
With analogy to the standard deviation index SD , the square root of G values is Ž . proposed as the roughness index G being a variance . The following indices from semi-variogram analysis are proposed.
In case of nugget effect, the R micro-roughness is the square root of the G value; it 0 o is determined by lengthening the curves obtained in the four directions at the origin proximity. Generally it is an isotropic datum, linked to the ground pebbles and the grass cover. In case of sill or maximum and hole-effect, the R macro-roughness is the square m root of the G value that corresponds to a sill, when there is one, or the first bump in If there is no sill, it means that the macro-roughness does not exist; in fact, a roughness higher than metric order could exist, but not at field level.
The field roughness R in a given direction will be taken as equal to the macrod Ž . roughness tillage, ridges if there is one. Otherwise, it will be equal to the micro-rough-Ž . ness in the case of untilled and crusted soils .
These new indices are called the Regionalized Roughness Indices. . determined from the altitudes corrected from the slope effect , we get a cloud of points positioned along a line. On Fig. 8 , the R values follow the same direction of variation d Ž . than the standard deviation SD ; one point only is very distant from an imaginary curve linking the other points; in fact it corresponds to a semi-variogram in which the edge R m Ž . is reached at 70 cm superior to half of the maximum distance of measurement .
The link between the R directional roughness index and the average standard d Ž . Ž . deviation SD in the same direction after correction of the slope , is linear and very strong.
These results are not surprising, because most of the semi-variograms stop increasing beyond a certain distance: the range. The sill of this transition model is the a priori Ž . variance of the random function Journel and Huijbregts, 1978 . In fact, the relation Ž . Ž . between the semi-variogram function G h , the auto-correlation function r h and the 2 Ž Ž . variance s of the random function Z h is:
Ž .
2
When the auto-correlation function tends to zero, G h s s ; this condition is realized when there is a sill. If there is no slope in this direction, s is equal to the standard deviation. When a nugget effect is present, we have, in fact, nested structures and G is the sill 0 of a semi-variogram of which the range is less than the measurement step. In this case the semi-variogram model is unknown. This sill is the same in all directions, it is independent of the slope. The square root of the sill is the standard deviation index.
Ž . 2 w Ž .x In case of a periodic auto-correlation function G h s s 1 y cos h , there is 2 Ž . Ž . apparently no sill, but the first maximum is equal to s when cos h s 0, h s T . m Ž . The first maximum represents the contrast the roughness between the top and the bottom of the two faces of all ridges.
Ž . The square root of G or G is a soil roughness index comparable with the SD 0 h index derived from Kuipers's. Its advantage is to be established from a graph that shows the soil surface relief.
Conclusion
Geostatistics can be applied to all georeferenced variables including elevation data. Ž . At a parcel scale metric step this method enables to describe the ground surface relief and to propose several indices of the soil roughness.
Ž . Ž . 1 A micro-roughness centimetric step corresponding to the presence of pebbles or thin grass; it is estimated by the nugget effect.
Ž . 2 A macro-roughness determined by the top or the hump of the semi-variogram when there is an edge or a maximum. The first index is isotropic, while the second is often anisotropic and depends on the ground tillage.
Ž . 3 The range is a lateral measurement. It seems to be related to the size of the clods. The meso-roughness of the soil corresponds to the difference between the macro and micro-roughness. A crusted soil gets no meso-roughness, its total roughness is identical to micro-roughness. Beyond the estimation of these different types of roughness, geostatistics also enables to describe the soil surface relief, which was impossible with standard indices.
